NASA STI Program ... in Profile
Since its founding, NASA has been dedicated to the advancement of aeronautics and space science. The NASA scientific and technical information (STI) program plays a key part in helping NASA maintain this important role.
The NASA STI program is operated under the auspices of the Agency Chief Information Officer. It collects, organizes, provides for archiving, and disseminates NASA's STI. The NASA STI program provides access to the NASA Aeronautics and Space Database and its public interface, the NASA Technical Report Server, thus providing one of the largest collections of aeronautical and space science STI in the world. Results are published in both non-NASA channels and by NASA in the NASA STI Report Series, which includes the following report types: TECHNICAL PUBLICATION. Reports of completed research or a major significant phase of research that present the results of NASA programs and include extensive data or theoretical analysis. Includes compilations of significant scientific and technical data and information deemed to be of continuing reference value. NASA counterpart of peerreviewed formal professional papers but has less stringent limitations on manuscript length and extent of graphic presentations. 
INTRoduCTIoN
When flight-testing a new vehicle such as the X-43A it is desirable to estimate the in-flight frequency response and stability margins of the vehicle. This information has traditionally been used to clear an aircraft to a new portion of the flight envelope and to validate preflight models. In addition, a multiple-input/multiple-output (MIMO) system analysis can yield valuable information concerning the robustness of the vehicle control system. For the X-43A, also known as the Hyper-X Research Vehicle (HXRV), this information was desired for post-flight analysis and to aid in model validation.
A shortcoming in performing in-flight frequency response analysis has been the long duration of the excitation signal required to obtain this information. Traditionally, a swept sinusoid is used as the excitation signal. The swept sinusoid is often input by the pilot and requires a relatively long dwell time at a given flight condition (ref. 1). The HXRV rapidly descends in altitude and in Mach number following the completion of the scramjet engine test. This rapid descent made it desirable to utilize an excitation method that would quickly excite the control loops, before the vehicle had moved on to a significantly different flight condition.
The use of tailored excitation input signals provides a measurement of the system frequency response over a specified range of frequencies. The duration of the input signal can be minimized by utilizing only the frequency range required for stability margin verification. Additionally, the simultaneous application of the excitation signal to all of the vehicle control inputs allows for short-duration tests. These simultaneous inputs consist of uncorrelated frequency components. By using phase shifting as described by Schroeder (ref. 2) , it is possible to minimize the magnitude of these tailored excitation signals. This technique has been shown to be superior to traditional methods (ref. 3).
Simultaneous tailored inputs allow for rapid estimation of the vehicle frequency response in each control loop. Chirp-Z transformation algorithms can be used to extract the response at the specifically excited frequencies. A Fast Fourier Transform (FFT) can also be used to extract frequency response information provided the individual frequencies of the input signal sufficiently approximate a continuous frequency range. In addition, the singular values of the MIMO system can be estimated. The methodology and feasibility of using tailored excitation input signals for frequency response estimation were explored in a simulation environment by Bosworth and Burken (ref. 4) . The work done by Bosworth and Burken applied only to the longitudinal axis of the X-31A. A similar technique has been applied to the lateral-directional axes of the NASA F-15 ACTIVE research aircraft for aerodynamic parameter estimation (ref. 5). The tailored inputs used for the X-43A simultaneously excited the longitudinal and lateral-directional axes in flight, which is the first time this simultaneous excitation has been attempted at the NASA Dryden Flight Research Center (DFRC), Edwards, California.
This report discusses the in-flight application of simultaneous tailored input excitation signals to the HXRV. The flight-data-derived frequency response and high-frequency stability margin measurements are presented, along with a comparison with linear model predictions.
PRojeCT deSCRIPTIoN
The Hyper-X program was an experimental flight research program intended to demonstrate advanced hypersonic technologies (ref. 6). The primary research objective was to flight-test an airframe-integrated scramjet engine and validate the vehicle design tools. Hypersonic research is intended to enable the development of high-speed airbreathing technologies, which could be used in future high-speed aircraft and reusable launch vehicles 
HyPeR-X ReSeARCH VeHICle deSCRIPTIoN
As shown in figure 1, the HXRV was an unmanned autonomous vehicle that measured approximately 12 ft long and 5 ft wide, and weighed approximately 3000 lb. The scramjet engine was attached to the underside of the HXRV. A cowl door on the leading edge of the engine controlled airflow through the engine. The HXRV had four control surface effectors: a left and right allmoving wing (AMW) and twin rudders. The rudders moved symmetrically, and the AMWs moved symmetrically and differentially for pitch and roll control. Symmetric AMW deflection is defined as elevator deflection, and differential AMW deflection is defined as aileron deflection. 
HyPeR-X ReSeARCH VeHICle FlIgHT TeST
Three HXRVs were built for the Hyper-X program. Two of the vehicles were intended for missions at Mach 7, and one vehicle was intended for a mission at Mach 10. The HXRVs collectively received the designation of X-43A. All three vehicles have the same outer mold line; the primary difference among the vehicles is the internal engine flowpaths. 
HyPeR-X ReSeARCH VeHICle mISSIoN deSCRIPTIoN
The HXRV mission timelines were similar for Flight 2 and Flight 3. The principal difference between the two flights is the higher Mach number attained during Flight 3, which resulted in a correspondingly longer descent trajectory. Figure 2 shows an overview of Flight 3. The launch, experiment, and descent portions of the mission were conducted off the coast of southern California. The HXRV was boosted to the test condition by the HXLV. The HXRV was connected to the HXLV by an adapter module. The entire configuration, known as the X-43A stack and shown in figure 3, was carried under the wing of the NASA DFRC NB-52B, ship number 008. For both missions, the HXLV propelled the X-43A stack to a separation altitude of approximately 100 000 ft and a dynamic pressure of approximately 1000 psf. The HXRV separated at Mach 6.9 during Flight 2 and at Mach 9.7 during Flight 3. Several seconds after separation, the primary experiment of the scramjet engine test was conducted. The primary mission portion lasted approximately 45 s for Flight 2 and 30 s for Flight 3. Following the primary mission, an unpowered trajectory was flown to a splashdown into the Pacific Ocean. During the descent, a series of parameter identification (PID) maneuvers were performed at every integer Mach number down to Mach 2. These maneuvers began at Mach 5 during Flight 2 and at Mach 8 during Flight 3. The HXRV was constantly decelerating throughout the PID maneuvers, so the Mach number was not constant. The PID maneuvers consisted of control surface inputs designed by the aerodynamics Integrated Product Team (IPT) (ref. 10) and guidance, navigation, and controls (GNC) IPT. Figure 4 shows the Mach 5 PID input set for the elevator loop from Flight 3. The aerodynamics IPT's inputs were intended to characterize the rigid body aircraft characteristics and consisted of step inputs for both Flights, and frequency sweeps for Flight 3. The aerodynamics IPT's input set occurred at the beginning and end of the PID maneuver set, and consisted of inputs that excited the vehicle over a lower frequency range than did the GNC IPT's inputs. The GNC IPT's inputs consisted of tailored excitation inputs to the control loops intended to characterize the vehicle open-loop frequency response. All inputs were added directly to the control loop commands generated by the flight control laws. 
INPuT eXCITATIoN SIgNAl
The simultaneous tailored input excitation signals used on the HXRV consisted of a series of summed sine waves. A summed sine wave has the advantage of reducing the excitation time when compared with a traditional swept sine wave. The method used to generate the input signals generally follows that described by Bosworth and Burken (ref. 4) , but a modification was made to the method to prevent control surface rate limiting.
The simultaneous tailored excitation signals were generated following the method described by Bosworth and Burken (ref. 4) . The frequency range was selected such that the preflight gain and phase crossover frequency predictions for the HXRV were within the selected range. Once the frequency range had been selected, 35 distinct frequencies for each control loop were calculated. Table 1 details the input frequencies for each control loop. The method for selecting the input frequencies resulted in a smaller spacing between frequencies toward the upper end of the range. This spacing resulted in the input sines being sufficiently close enough in frequency range for the FFT method to work well above approximately 0.9 Hz.
Equations (1) through (4) below were used to construct the input excitation signals.
The input excitation signal for the m th input is
where λ m n ( ) is the wavelength of each frequency and Φ m n ( ) is the phase shifting used to reduce the peak factor of the excitation while maintaining the same frequency content (ref.
2).
For the HXRV, each of the input signals was scaled to limit the control surface input. This scaling was necessary to prevent actuator rate limiting so as to retain actuator margin for maneuvering. A value of 50 deg/s was used as the maximum allowable rate limit when designing the inputs for the HXRV. This value was chosen to keep the commanded surface position rate change for each control surface within the actuator limit of approximately 100 deg/s, while retaining an adequate maneuvering margin.
The derivative of each input signal is calculated to find the maximum rate of change of the input signal: 
The input signals are then scaled by K m to minimize the control surface rate change:
The end result is three input signals that are now uncorrelated, periodic, and appropriately scaled.
INPuT SIgNAl uSed FoR X-43A
The excitation inputs were embedded in the X-43A flight control laws and were activated during the descent PID maneuvers. Table 1 details the frequencies used for the elevator, aileron, and rudder loop excitation frequencies. Figure 5 shows the time history trace for each of the three inputs. The same inputs were used at each PID maneuver set during the descent. 
ReSPoNSe eSTImATIoN
Both Chirp-Z and Fast Fourier transforms were applied to the HXRV flight data to calculate the in-flight frequency responses. A Chirp-Z transform can be used to match the input and output frequencies. Only those frequencies present in the input are examined in a Chirp-Z transform. The FFT method is a computationally efficient way to implement the Discrete Fourier Transform, which is used to transform discrete data from the time domain to the frequency domain.
The FFT method also provides an indication of the quality of the input-output relationship. This quality is determined by examining the magnitude squared coherence function shown in equation (5).
A linear, noise-free system would yield a coherence of 1. System nonlinearities, input and output noise, and secondary inputs would produce a coherence below 1. For the purposes of this report, a coherence value of 0.8 indicates an acceptable response measurement.
lINeAR model ANd SIX-degRee-oF-FReedom NoNlINeAR SImulATIoN
The Hyper-X program developed a high-fidelity six-degree-of-freedom (6-DOF) nonlinear simulation model of the X-43A along with a simplified linear model used for control law design and analysis. The 6-DOF simulation was based on the standard DFRC simulation architecture (ref. 12) and contained detailed subsystem models of the flight control system, vehicle aerodynamics, actuators, mass properties, engine, and sensors. The linear model was constructed in MATLAB 
PRoBlemS IdeNTIFIed PRIoR To FlIgHT
A few months prior to Flight 2, simulation testing uncovered several problems with the tailored excitation signals. Rudder loop frequency response values generated from simulation data showed very poor matches with the linear model. In addition, the coherence value for the rudder loop was below acceptable levels. The problem was discovered too late to implement a solution for Flight 2, especially considering that the descent portion of the mission was of secondary importance. Data from Flight 2, presented below, also showed poor rudder loop frequency responses.
Shortly after Flight 2, a number of approaches were investigated to improve the rudder loop frequency response results. The most effective approach was to decouple the rudder and aileron excitations. Simulation results indicated that this modification produced good comparisons between the linear analysis tools and 6-DOF simulation for the rudder loop, as shown in figure 9 . This approach was adopted for Flight 3, resulting in the rudder and aileron control loop inputs being applied at alternating Mach numbers. The improvement in the rudder loop comparisons when applied without the aileron loop inputs indicates a correlation between the rudder and aileron loop responses that is not understood at this time. Another possible explanation for the poor rudder loop comparisons is that the magnitude of the rudder excitation was insufficient to move beyond the rudder actuation system nonlinearities. The excitation input magnitude for the rudder was increased in the simulation with mixed results. The response improved slightly, but was still inadequate.
As a result of the poor rudder frequency response estimation, MIMO analysis was not conducted. A MIMO analysis requires valid transfer function values from all control axes. The poor characteristics of the rudder loop frequency response data precluded attempting any MIMO analysis on Flight 2 data. In addition, Flight 3 did not simultaneously excite the aileron and rudder loops at the same flight condition. Valid aileron and rudder frequency responses were never obtained at the same flight condition, thereby precluding any flight-data-derived MIMO stability analysis for the X-43A for either flight.
The simulation comparisons with the linear analysis predictions displayed another problem with the input signals. The elevator frequency responses for the Mach 2 PID did not match linear predictions as well as did those at the higher Mach numbers. Figure 10 shows the Flight 2 elevator loop simulation and linear analysis comparison for the Mach 2 PID. The excitation signals occur near the end of the PID maneuver set, so they finished near or in the transonic regime. The longitudinal aerodynamics of the vehicle change rapidly as the vehicle maneuvers through the transonic regime; the poor matches are not unexpected since the linear analysis results are at a specific flight condition. 
FlIgHT ReSulTS
For both Flights 2 and 3, the HXRV achieved scramjet operation and successfully flew an unpowered descent into the Pacific Ocean. Figure 11 shows the altitude profile for the two flights. As can be seen, the two flights flew different descent profiles in the common Mach regions. In addition, the control system used for Flights 2 and 3 utilized different gain schedules. These differences render direct comparisons between the two flights impossible. It is possible, however, to examine the quality of the linear values to flight-derived frequency response comparisons between the two flights.
Flight 3 included an unusual event after the engine test that affected the vehicle flight characteristics. It is believed that air started flowing through the engine shortly after the initiation of the recovery maneuver. The cowl door had been commanded closed at the end of the engine test, and this closing had shut off the majority of the air flowing through the engine as expected. An unknown mechanism allowed significant quantities of air to flow through the vehicle shortly after the engine test. Just prior to the Mach 8 PID maneuvers, the internal engine pressures indicated a decrease in the amount of air flowing through the vehicle. The vehicle aerodynamics was significantly different with air flowing through the engine than during cowl-closed operations. The nonlinear simulation and linear analysis tools lack the capability to model air flowing through the engine during the descent. It is not known to what extent the differences between the in-flight and linear analysis values for the frequency responses and stability margins are attributable to this phenomenon. Linear analysis predictions were generated for comparison with the flight-data-derived frequency responses. Representative flight conditions at the start, mean, and end of the tailored excitation inputs were used to generate the linear analysis responses. Onboard vehicle data from each flight was used to generate the flight conditions for the linear analysis. The Mach number and dynamic pressure were estimated onboard with the inertial velocity measurements and a reference atmosphere. The angle of attack is the inertial in-flight measured angle of attack.
The high-frequency stability margins are calculated from the frequency response data by linear interpolation. The MATLAB margin function was used to perform this calculation.
The coherence values for each control loop and Mach number combination were examined. In general, the coherence values were near 1 for the elevator and aileron loops for both flights over the frequency range of interest. The rudder loop coherence was poor for Flight 2 and acceptable for Flight 3. The rudder loop frequency response measurements were found to compare well with the linear analysis predictions when the coherence value was above 0.8. Figure 12 shows a Bode plot comparing the elevator loop in-flight frequency response for the Mach 5 PID maneuver of Flight 2 with that of the linear models. The comparison seen in figure 12 is representative of the elevator loop frequency response comparisons for both Flights 2 and 3. The comparisons are excellent in the frequency range excited by the input signal. The elevator loop stability margin values for the HXRV during Flight 2 can be seen in figure 13 . The gain and phase margin measurements are generally within 1.6 dB and 5 deg of the linear model predictions. The exception is the phase margin prediction for the Mach 2 PID maneuver where the phase margin determined by the Chirp-Z method is 6 to 16 deg different from the linear analysis predictions. The elevator loop frequency response for the Mach 2 PID maneuver is shown in figure 14 . The FFT method shows a lower coherence and did not return a gain crossing for phase margin calculation for the Mach 2 PID maneuver. At the corresponding flight conditions, the linear analysis predictions vary by as much as 10 deg between the start, mean, and end flight conditions. This difference indicates that the vehicle aerodynamics was changing rapidly and it is therefore not surprising that the flight-derived value is different from the linear predictions. Figure 15 shows the stability margin values from Flight 3 for the elevator loop. The in-flight gain margin values for the Mach 8 through Mach 5 PID maneuvers are consistently higher with the greatest difference being 2.5 dB. This difference in gain margin is possibly attributable to the unmodeled effects of air flowing through the engine. The phase margin predictions at these Mach numbers match the linear predictions within 2 deg. The greatest spread in the linear analysis predictions is again seen during the Mach 2 PID maneuver set since the vehicle aerodynamics are rapidly changing as the maneuver ends in the transonic regime. 
eleVAToR looP ReSulTS

RuddeR looP ReSulTS
The rudder loop stability margin values for the HXRV during Flight 2 were not calculated because of the problem with obtaining an acceptable rudder loop frequency response, as discussed above. The coherence value was very poor, indicating little correlation between the input and output signals. In addition, the Chirp-Z results were not considered believable because they did not match predictions. As previously discussed, this result is believed to be because of excessive correlation between the aileron and rudder control loops. Figure 16 shows the flight-derived frequency response compared with linear model predictions for Flight 2 during the Mach 5 PID maneuver set.
As can be seen in figure 17 , the rudder loop frequency responses for Flight 3 matched linear analysis predictions better than did those of Flight 2. This comparison at Mach 8 is slightly worse than for the Mach 6 and Mach 4 sets. This result is believed to be because of air flowing through the engine during the Mach 8 PID. The rudder loop frequency responses obtained from Flight 3 showed considerable improvement over those of Flight 2, however they did not compare as favorably with linear predictions as did the elevator and aileron loop responses. In particular, the FFT-derived coherence values for the rudder loop are acceptable, but not as high as for the elevator or aileron loops. Separating the aileron and rudder loop inputs for Flight 3 helped to improve the flight-derived rudder frequency response. 
20
The rudder loop stability margin comparisons for Flight 3 are presented in figure 18 . The gain margin predictions are generally within 2.5 dB of the flight-derived values. The largest gain margin difference of nearly 6.0 dB was seen during the Mach 8 PID, which is when air was believed to be flowing through the engine. An infinite rudder loop phase margin was measured in flight because no in-flight gain crossover frequency was identified since the crossover frequency was generally at the lower end of the frequency range used to generate the tailored excitation input signals. Figure 19 shows a sample aileron loop frequency response for Flight 2. This response for the Mach 2 PID maneuver showed the lowest coherence and worst comparison with linear analysis predictions. As discussed above, this result is believed to be at least partially attributable to correlation between the rudder and aileron loops. For the Mach 2 comparison only, a shift in the gain response is seen between the in-flight frequency responses and those predicted by the linear analysis tools. This shift in the gain response is possibly indicative of less aileron loop control power at this flight condition than predicted. The aileron loop stability margin values for the HXRV during Flight 2 can be seen in figure 21 . The gain and phase margin measurements for the Mach 5 through the Mach 3 PID are consistently higher than the linear predictions with differences generally up to 1.4 dB and 10 deg. The magnitude of these differences indicates a good correlation between the linear predictions and the in-flight measurements. The gain and phase margin measurements are as much as 4.25 dB and 12 deg higher during the Mach 2 PID than the predictions. This greater difference seen during the Mach 2 PID maneuver is caused by the shift in the gain response already discussed. 
AIleRoN looP ReSulTS
CoNCluSIoN
Tailored input excitation signals were used in the X-43A flight test program to obtain control loop frequency responses during the post-engine test descent. The short time period of the excitation signals allowed for frequency responses and stability margins to be extracted at multiple flight conditions during the descent of the X-43A to the ocean. A problem with obtaining data for the rudder loops did not allow for valid frequency response data for each control loop at the same flight condition and thus precluded a multiple-input/multiple-output system analysis. The original premise of simultaneously applying excitation signals to multiple control loops still appears to be valid, because data were successfully obtained from the elevator and aileron control loops. The cause of the rudder and aileron loop interference is currently under investigation. The valid in-flight frequency response and stability margin values obtained for Flights 2 and 3 matched linear analysis predictions well, indicating a good understanding of the Hyper-X Research Vehicle aerodynamics and subsystems. 
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